Temporal synchrony between odor and taste plays an important role in flavor perception. When we investigate temporal synchrony between odor and taste, it is necessary to pay attention not only to physical simultaneity of the presentation of olfactory and gustatory stimuli, but also to the perceptual simultaneity between the two stimuli. In this study, we examined short-latency brain activity underlying synchrony perception for olfactory-gustatory combinations. While five female participants performed a simultaneity judgment (SJ) task using soy sauce odor and salt solution, single-channel event-related potentials (ERPs) were recorded at the position of Cz. In each trial, the participant was asked whether olfactory and gustatory stimuli were perceived simultaneously or successively. Based on the judgment responses acquired from participants (i.e., simultaneous or successive), ERP data were classified into two datasets. The means of ERPs from each participant were calculated for each type of judgment response, considering the onset of olfactory or gustatory stimuli (OERPs or GERPs, respectively) as the starting point. The latencies of the P1 component of GERPs were very similar between simultaneous and successive judgment responses, whereas the P1 amplitudes differed significantly. These results indicated that neural activity affecting SJ for an olfactory-gustatory combination is generated during a period of about 130 ms from the onset of gustatory stimulus. Thus, olfactory and gustatory information processing related to flavor perception (more specially, synchrony perception between odor and taste) might be initiated at a relatively early stage of the central pathway.
| INTRODUC TI ON
Flavor perception may be the everyday experience that involves the most multisensory modalities (Spence, 2015) . The main components of flavor are taste and odor (Belitz, Grosch, & Schieberle, 2009; Hara, Luo, Wickremasingh, & Yamanishi, 1995; Jayasena, Ahn, Nam, & Jo, 2013) . Perceptual experiences in real life consist of cross-modal information that is almost always synchronized temporally (Lim, 2016) . Prescott (Prescott, 2015) schematically showed how odor and taste are perceived as flavor. When odor and taste in the mouth are not treated separately, but are instead treated as a synthetic whole, the brain processes them as flavor. Such binding between odor and taste relies on the temporal association between the two sensations. Pfeiffer and colleagues (Pfeiffer, Hollowood, Hort, & Taylor, 2005) examined the importance of timing of stimulus presentation in perceptual integration between odor and taste. Under four conditions, they compared the detection threshold of odor between a case in which benzaldehyde (with an almond-like odor) was presented alone and a case in which benzaldehyde was presented with a saccharin solution. Under the first condition, odor or odorless air was presented orthonasally while the participant held the taste solution in the mouth. Under the second condition, odor or odorless air was presented retronasally immediately after the saccharin taste solution was swallowed. Under the third condition, odor or odorless air was presented orthonasally immediately after the taste solution was spit out. Under the fourth condition, the participant held the taste solution (twice the quantity presented under the other three conditions) in the mouth, and odor or odorless air was presented retronasally immediately after half of the solution was swallowed while the other half was retained in the mouth. Their results demonstrated that the detection threshold for odor was reduced when the odor was presented while the taste solution was held in the mouth (i.e., under the first and fourth conditions). These findings imply that temporal synchrony between odor and taste plays an important role in flavor perception (Stevenson, 2012 ).
When we investigate temporal synchrony between odor and taste, it is necessary to pay attention not only to the physical simultaneity of the presentation of the olfactory and gustatory stimuli, but also to the perceptual simultaneity between the two stimuli.
Many psychophysical studies of cross-modal synchrony perception use the simultaneity judgment (SJ) task (Fujisaki & Nishida, 2009; Machulla, Di Luca, & Ernst, 2016; Virsu, Oksanen-Hennah, Vedenpää, Jaatinen, & Lahti-Nuuttila, 2008; Vroomen & Keetels, 2010) . In this task, stimuli are presented at various time intervals; the time interval from the onset of the first stimulus to the onset of the second stimulus is called stimulus onset asynchrony (SOA) (Harley, 2008) . The participant is asked whether the two stimuli were perceived simultaneously or successively. Conventionally, sensory modalities treated in the SJ task have been limited to physical sensations (i.e., vision, audition, and tactile sensation). Because it is difficult to strictly temporally control olfactory stimulus in the gaseous state or gustatory stimulus in the liquid state, the SJ task has historically not been performed for an olfactory-gustatory combination. To address this situation, we developed a measurement system for the SJ task for an olfactory-gustatory combination (Gotow & Kobayakawa, 2014) , and applied it to the SJ task using cherry leaf odor as the olfactory stimulus and salt solution as the gustatory stimulus (Gotow & Kobayakawa, 2017) . Based on the judgment responses acquired from participants, we calculated the temporal distribution of simultaneous judgment response rates.
We assumed that the distribution followed the Gaussian function (y(t) = a • exp − ; t represents time in seconds), and calculated approximations; the coefficient "b" of approximation corresponds to the point of subjective simultaneity (PSS), and the value obtained by multiplying the coefficient "c" by √ 2ln2( ≈ 1.88)corresponds to half-width at half-height (HWHH). HWHH refers to one-half of the interval between two SOAs, corresponding to one-half of the peak of the temporal distribution of simultaneous judgment response rates, and we defined its value as the temporal resolution of synchrony perception (Gotow & Kobayakawa, 2017) . HWHH was larger for an olfactory-gustatory combination than for combinations of physical stimuli (audio-visual, visual-tactile, and audio-tactile) , as reported by Fujisaki and Nishida (Fujisaki & Nishida, 2009) . PSS is equal to SOA, corresponding to the peak of the temporal distribution of the simultaneous judgment response rates. In olfactory-gustatory combination, PSS shifted 151 ms in the direction in which the olfactory stimulus had presented prior to the gustatory stimulus, and significantly derived from the point of objective simultaneity (POS, SOA =0 ms). On the other hand, Fujisaki and Nishida (Fujisaki & Nishida, 2009) reported that PSS for combinations of two physical stimuli was almost equal to POS. Based on these results, olfactory-gustatory combination may have distinctive characteristics in the context of cross-modal synchrony perception.
The brain regions related to information processing of each sensory modality have been identified by noninvasive measurement techniques such as functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG), and electroencephalography (EEG). After an olfactory stimulus received by olfactory mucosa reaches the olfactory bulb via the olfactory nerve, it is projected to the piriform cortex, and then conveyed to higher-order olfactory areas such as the thalamus, orbitofrontal cortex, insula cortex, superior temporal sulcus, anterior cingulate gyrus, and amygdala (García-González, Vivancos, & Aparicio, 2011; Katata et al., 2009; Kettenmann et al., 1996; Kobal & Kettenmann, 2000; Lascano, Hummel, Lacroix, Landis, & Michel, 2010; Savic & Gulyas, 2000; Small, Gerber, Mak, & Hummel, 2005; Weismann et al., 2001) .
After a gustatory stimulus, which is received by taste cells in the taste buds of fungiform papillae distributed in anterior two third of tongue, reaches thalamus via the chorda tympani nerve, it is projected to the primary gustatory area, and then conveyed to higherorder gustatory area such as anterior insula cortex, posterior insula cortex, orbitofrontal cortex, superior temporal sulcus, anterior cingulate gyrus, hippocampus, parahippocampal gyrus, angular gyrus,
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Odor and taste are key components of the flavor, and temporal synchrony between the two sensations plays an important role in flavor perception. However, because it is difficult to strictly temporally control olfactory stimulus in the gaseous state or gustatory stimulus in the liquid state, brain mechanisms related to synchrony perception between odor and taste have little investigated. Accordingly, event-related potentials were measured during a simultaneity judgment task for an olfactory -gustatory combination. Our findings indicate that the brain activity related to synchrony perception between odor and taste was initiated with a short latency from stimulus onset.
and amygdala (Cerf-Ducastel, Van de Moortele, MacLeod, Le Bihan, & Faurion, 2001; Iannilli, Noennig, Hummel, & Schoenfeld, 2014; Kobayakawa et al., 1996 Kobayakawa et al., , 1999 Kobayakawa, Saito, & Gotow, 2012; O'Doherty, Rolls, Francis, Bowtell, & McGlone, 2001; Ogawa et al., 2005; Small et al., 1999; . These studies identified several brain regions related to both olfactory and gustatory information processing.
Among the various methods for brain imaging, electroencephalography is a noninvasive and relatively inexpensive technique with high temporal resolution (Burle et al., 2015; Light et al., 2010) . Kobayakawa and colleagues (Kobayakawa et al., 1996 (Kobayakawa et al., , 1999 , who measured gustatory event-related magnetic fields (GERMFs), demonstrated that the transition area between the parietal operculum and insula is the primary gustatory area in humans. Mizoguchi and colleagues (Mizoguchi, Kobayakawa, Saito, & Ogawa, 2002) , who performed simultaneous measurement of gustatory event-related potentials (GERPs) and GERMFs,
reported that the equivalent current dipole corresponding to the P1 component is located in the primary gustatory area, and detected no significant GERPs during the time preceding P1 component. Additionally, the primary gustatory area is significantly activated by repetitive presentation of a gustatory stimulus to the tip of the tongue, and is therefore considered to be related to the detection of gustatory stimulus (Ogawa et al., 2005 In this study, we investigated the short-latency brain activity (especially P1 component of GERPs) underlying synchrony perception between odor and taste. Event-related potentials (ERPs) were recorded from five female participants while they performed an SJ task for an olfactory-gustatory combination. In the study by Mizoguchi and colleagues (Mizoguchi et al., 2002) , GERPs were recorded from five sites (Fz, Cz, Pz, C3, and C4) on the scalp according to the International 10-20 system (Jasper, 1958 The olfactory and gustatory stimuli used in reaction time measurement were the same those used as the SJ task (see below for detailed explanation). The participant was instructed to press the button held by the dominant hand as soon as possible when they detected the stimulus. Because all participants pressed the button within one second of each stimulus onset, we concluded that their olfactory and gustatory functions were sufficient to perform the SJ task.
| Presentation of stimuli

| Olfactory stimulus
The odorant was selected based on the following criteria: (1) no stimulation of the trigeminal nerve in the olfactory mucosa, and (2) no unpleasant feeling during smelling. We presented the smell of soy sauce (7.69% (v/v) soy sauce [Kikkoman Corporation, Chiba, Japan] diluted with deionized water) as the olfactory stimulus, using an olfactory stimulator ("Olfactometer OM4": Burghart Instruments, Wedel, Germany) developed by Kobal and colleagues (Kobal, 1985; Kobal & Hummel, 1988) . In order to prevent changes in pressure and temperature in the nasal cavity, air was always presented in the nasal cavity during the measurement, and the olfactory stimulus bubbled through a nitrogen gas was inserted into the air flow as a pulse. A high-speed ultrasonic gas sensor (Toda & Kobayakawa, 2008; Toda, Saito, Yamada, & Kobayakawa, 2005) was placed at the outlet of the olfactory stimulator. We conducted real-time monitoring of stimulus presentation and recorded time points at which the olfactory stimulus passed the high-speed ultrasonic gas sensor by converting the molecular weights of gases to voltage values. Participants inserted a thin Teflon tube attached to the upper surface of the high-speed ultrasonic gas sensor approximately 1 cm into one nasal cavity. Air and the olfactory stimulus were presented through this tube.
The temperatures of air and the olfactory stimulus were adjusted to the temperature in the nasal cavity, i.e., about 36°C.
The duration of stimulus presentation was 400 ms, and the flow rate was 7.5 L per minute. When two experimenters smelled the olfactory stimulus with these setting values, they evaluated the perceived intensity as approximately "moderate" (3) on a 6-point magnitude scale (odorless: 0, barely detectable: 1, weak: 2, moderate: 3, strong: 4, very strong: 5) (Saito, 1994) . Before starting the measurement, the two experimenters confirmed that the perceived intensity of the olfactory stimulus and the temperatures of air and the olfactory stimulus at the outlet of the stimulator were appropriate for the SJ task.
| Gustatory stimulus
The tastant was selected on the basis of the following criteria: (1) hydrophilicity, and (2) no unpleasant feeling during tasting. We presented salt solution (600 mM sodium chloride dissolved in deionized water) as the gustatory stimulus, using an improved version of the gustatory stimulator developed by Kobayakawa and colleagues (Kobayakawa et al., 1996 (Kobayakawa et al., , 1999 . Temperatures of deionized water and gustatory stimulus were adjusted to the temperature in the tongue, i.e., about 36°C. The duration of stimulus presentation was 500 ms, and the flow rate was 120 ml per minute. When two experimenters tasted gustatory stimulus with these setting values, they evaluated the perceived intensity as approximately "moderate" (3) on a 6-point magnitude scale.
Before starting the measurement, the two experimenters confirmed that the perceived intensity of the gustatory stimulus and the temperatures of deionized water and the gustatory stimulus at the stimulus presentation unit (a Teflon tube with a small hole in the side)
were appropriate for the SJ task.
| ERPs measurement
Brain activity was recorded every millisecond from the start to the end of each session. In order to measure ERPs, we used a biological response measurement device ("Neurotop", model number MME-3132, Nihon Kohden Corporation, Tokyo) and analog-todigital converter ("PowerLab/16sp", model number ML795, ADInstruments, Sydney). Based on the International 10-20 system (Jasper, 1958) , ERP signals were recorded from Cz with reference to A1 + A2 using single electrodes. The recorded signals were filtered on-line with a 100 Hz high-cut filter and 0.16 Hz low-cut filter. These signals were amplified using a biological response measurement device, and then were digitized 1,000 times per second (i.e., 1,000 Hz sampling rate) in an analog-to-digital converter. Digitized ERP signals were stored on a personal computer (PC).
| Procedure
Measurements were performed in a small room (295 cm in width ×400 cm in depth ×240 cm in height) shielded from outside noise.
The door of the room was closed during measurement; a video camera and intercom were placed inside the room so that the experimenter could monitor and communicate with participants from outside.
Volunteers participated in the measurements for 2 days, performing two sessions of the SJ task per day, with a rest of about 30 min between sessions. One session of the SJ task consisted of 92 trials. In each session, we placed a luminous body of green LED light derived from an optical fiber about 150 cm in front of the participant. The green light was turned on for 7 s per trial as a fixation point and a notice of stimulus presentation. Green light may have induced some attention or emotional arousal as expected stimulus, but all trials were conducted in the same environment with regard to the use of green light. In order to prevent artifacts from contaminating ERPs, the participant was instructed to avoid blinking as much as possible while the green light was turned on. Additionally, because it was possible that the olfactory stimulus would be presented during expiratory or inspiratory phases, resulting in a difference in perceived intensity, the participant was instructed to stop respiration while the green light was turned on. Furthermore, white noise was presented at all times during the measurement to prevent the participant from detecting the timing of olfactory stimulus presentation on the basis of the sound of switching between air and the olfactory stimulus.
The timeline of stimulus presentation is shown in Figure 1 . The presentation timing of the gustatory stimulus at each trial was adjusted to be ±500 ms, centered around 3 s after the green light was turned on. The inter-stimulus interval between gustatory stimuli was about 20 s. Furthermore, we prepared the following 23 steps as SOAs between olfactory and gustatory stimuli: 11 steps in which the olfactory stimulus led the gustatory stimulus (olfactory stimulus first by 50, 100, 150, 200, 250, 300, 350, 400, 500, 600 , and 800 ms;
hereafter indicated by negative numbers), 11steps in which the gustatory stimulus led the olfactory stimulus (gustatory stimulus first by 50-800 ms; hereafter indicated by positive numbers), and one step in which the olfactory stimulus and gustatory stimulus were presented physically simultaneously (0 ms). These SOAs were controlled automatically by a PC. Each SOA was incorporated randomly in a sequence of presented stimuli four times per session, and we prepared four different sequences of presented stimuli in which the same SOA was not repeated successively. Volunteers participating in four sessions experienced all sequences once.
In each trial, the participant was asked whether the olfactory and gustatory stimuli were perceived simultaneously or successively. Because we did not intend to measure the response speed, the participant was informed that they were not required to express a judgment response as soon as possible (Zampini, Guest, Shore, & Spence, 2005) . To prevent motion artifacts induced by body movements from contaminating ERPs, after the green light was turned off, the participant was instructed to express "1" (simultaneous judgment response) with their index finger if perceiving two stimuli simultaneously, or "2" (successive judgment response) with their index and middle fingers if perceiving two stimuli successively. However, based on the experiences of experimenters, when the stimulus presentation method adopted in this study was applied, the participant was not always able to perceive both olfactory and gustatory stimuli in all trials, even though the concentration and presentation time of each stimulus were always equivalent among trials. The participant could not perform an SJ if they did not perceive one (or both) stimuli; consequently, they had to choose "1" (simultaneous judgment response) or "2" (successive judgment response) at random. Therefore, in order to remove such random judgment responses, the participant was instructed to express a judgment response only when they perceived both stimuli while the green light was turned on. There was no time limit for expression of the judgment response in each trial. Using a video camera placed in the small room, we constantly observed and recorded judgment responses expressed by the participant's fingers. Additionally, we always conducted real-time monitoring of stimulus presentation during the measurement.
| Analysis
| Calculation of stimulus arrival time points
SOAs were controlled automatically by a PC. However, because the olfactory stimulus was in the gaseous state and the gustatory stimulus was in the liquid state, actual SOA values differed slightly from the set SOA values. Therefore, in order to identify the actual SOA values, we calculated the time points at which olfactory and F I G U R E 1 Timeline of stimulus presentation. The green light, used as a fixation point and a notice of stimulus presentation, was turned on for 7 s per trial. The presentation timing of the gustatory stimulus at each trial was adjusted to be ±500 ms, centered around 3 s after the green light was turned on. The inter-stimulus interval between gustatory stimuli was about 20 s. The stimulus onset asynchrony (SOA) differed among trials, within the range from −800 ms (i.e., olfactory stimulus preceded gustatory stimulus) to 800 ms (i.e., gustatory stimulus preceded olfactory stimulus). After the green light was turned off, the participant expressed "1" (simultaneous judgment response) with their index finger if perceiving two stimuli simultaneously, or "2" (successive judgment response) with their index and middle fingers if perceiving two stimuli successively. As an example, we show a trial in which the gustatory and olfactory stimuli were presented 3.2 s and 3.8 s, respectively after the green light was turned on. In this trial, gustatory stimulus preceded olfactory stimulus by 600 ms gustatory stimuli reached each receptor in each trial based on realtime monitoring of stimulus presentation.
(1) Olfactory stimulus
Based on a record of real-time monitoring, we determined the time point at which the olfactory stimulus passed through the high-speed ultrasonic gas sensor. We added the time for the olfactory stimulus to reach the participant's nasal mucosa from the high-speed ultrasonic gas sensor (i.e., 16 ms) to the time point at which odor stimulus passed through the high-speed ultrasonic gas sensor. The time for the olfactory stimulus to reach the participant's nasal mucosa from the high-speed ultrasonic gas sensor was calculated based on the distance between the center of the high-speed ultrasonic gas sensor and the tip of the Teflon tube attached to the gas sensor (10.5 cm), the estimated distance between the tip of the Teflon tube and the participant's nasal mucosa (5 cm), the cross-sectional area of the Teflon tube (0.13 cm 2 ), and the flow rate (7.5 L/min).
(2) Gustatory stimulus
Based on a record of real-time monitoring, we determined the time point at which the gustatory stimulus passed through the optical sensors on both sides of the small hole in the Teflon tube. Next, using these time points, we calculated the time points at which the gustatory stimulus arrived at the upstream edge of the small hole, based on the distance between the center of each optical sensor (5.9 cm), the distance between the center of the upstream optical sensor and the upstream edge of the small hole (2.6 cm).
| Trial selection for analysis
Trials fulfilling one or more of the following criteria were excluded from analysis: (1) participant did not express a judgment response with their fingers, (2) actual SOA values calculated using the record of real-time monitoring of stimulus presentation were ≤ −1,000 ms or >1,000 ms, or (3) artifacts such as eye movement or blinking contaminated ERP data acquired while the green light was tuned on. Out of 1,840 trials (92 trials ×4 sessions ×5 participants) acquired from all participants, we analyzed 1,535 trials (adoption rate of 83.4%), as shown in detail in Table 1 .
| Approximation of temporal distribution of simultaneous judgment response rates
In order to calculate the temporal distribution of simultaneous judgment response rates, the actual SOA values were classified into 21 time windows (see Table 2 ). We calculated the simultaneous judgment response rates (i.e., values obtained by dividing the number of trials judged as "simultaneous" by the total number of trials) of each participant for all time windows. The mean of the simultaneous judgment response rates was calculated on the basis of the judgment responses acquired from all participants. Furthermore, according to previous studies (Fujisaki, Shimojo, Kashino, & Nishida, 2004; Gotow & Kobayakawa, 2014 Zampini et al., 2005) , we assumed a Gaussian function for the temporal distributions of simultaneous judgment response rates, and calculated "a", "b", and
by the method of least squares. In this equation, y, t, and the coefficient "b" correspond to the simultaneous judgment response rate, time in seconds, and PSS, respectively. We used the Solver add-in of Excel 2010 (Microsoft Japan, Tokyo) to calculate the approximation.
| ERPs
The actual SOA values were distributed among trials. Because gustatory stimulus onsets differed among trials when the mean of OERPs was calculated using the olfactory stimulus onset as the starting point, gustatory brain activity was canceled out among trials; consequently, only olfactory brain activity related to SJs was obtained.
By contrast, because olfactory stimulus onsets differed among trials when the mean of GERPs was calculated using the gustatory stimulus onset as the starting point, olfactory brain activity was canceled out among trials; consequently, only gustatory brain activity related to SJs were obtained.
The ERP data were filtered off-line with a 15 Hz high-pass filter and 0.5 Hz low-pass filter, and then stored on a PC in CSV (comma separated values) format, using Chart™ 5 (ADInstruments, Sydney).
The means of OERPs and GERPs for each participant were calculated for each type of judgment response (i.e., simultaneous and successive judgment responses), using ERP data acquired from 50 ms before to 999 ms after the onset of olfactory or gustatory stimuli.
The grand means of OERPs and GERPs were calculated based on the means of OERPs and GERPs of each participant. The means of OERPs and GERPs were calculated using analytical software written in-house in Perl. For each participant, an Excel file in which four types of means of ERPs (two types of stimulus onset ×two types of judgment response) were saved in separate sheets was automatically stored on a PC. The grand means of OERPs and GERPs were calculated using Excel 2010 (Microsoft Japan, Tokyo).
The latency and amplitude of the P1 component of GERPs of each participant were identified for each type of judgment response.
After we confirmed the normality of data for each parameter and 
| RE SULTS
| Approximation of temporal distributions of simultaneous judgment response rates
The temporal distribution of mean simultaneous judgment response rates and the approximate curve are shown in Figure 2 . Additionally, the simultaneous judgment rates of each participant for all time windows and the coefficients of approximation for the temporal distribution of simultaneous judgment response rates of each participant are shown in Tables 2 and 3 , respectively. PSS (mean ±SD of coefficient "b" shown in Table 3 ) shifted 225 ± 28 ms in the direction in which the olfactory stimulus had presented prior to the gustatory stimulus.
| OERPs and GERPs
The grand means of OERPs and GERPs for simultaneous and successive judgment responses are shown in 
| D ISCUSS I ON
| Gustatory neural activity in short latency
The latencies of the P1 component of GERPs were 131 and 122 ms for simultaneous and successive judgment responses, respectively. In a previous study that measured simultaneously GERPs and GERMFs using a 300 mM salt solution (Mizoguchi et al., 2002) , three components of GERPs (P1, N1, and P2) were observed. Those authors reported that the latency of the P1 component, reflecting the neural activity of the primary gustatory area, was about 125 ms, very similar to the latency measured in this study. Additionally, Mizoguchi and colleagues performed dipole estimation around the latency of the P1 component so that the transition between the parietal operculum and insula could be identified in all participants. The result of this dipole estimation was consistent with the results of previous studies attempting to identify the primary gustatory area in humans based on MEG (Iannilli, Noennig, et al., 2014; Kobayakawa et al., 1996 Kobayakawa et al., , 1999 ) and fMRI measurements (Ogawa et al., 2005) .
Based on the results of Mizoguchi and colleagues (Mizoguchi et al., 2002) , the P1 component of GERPs identified in this study seems to reflect the activity of the primary gustatory area. In the study by Ogawa and colleagues (Ogawa et al., 2005) , brain activity during repetitive presentation of a gustatory stimulus was measured by fMRI. The greater the number of gustatory stimulus presentations, the greater the number of gustatory stimulus onsets. Because the primary gustatory area was activated as a function of the number of gustatory stimulus onsets, this area may be related to the detection of gustatory stimulus. Kobayakawa and colleagues (Kobayakawa, Saito, Gotow, & Ogawa, 2008) measured GERMFs using four salt concentrations (30, 100, 300, and 1,000 mM). Their results revealed that the amplitude of the equivalent current dipole in the primary gustatory area increased with concentration. Additionally, the early component parameters of GERPs (Pause, Sojka, Krauel, & Ferstl, 1996; Tateyama, Hummel, Roscher, Post, & Kobal, 1998) , like those of OERPs (Hummel, Genow, & Landis, 2010) , were affected by stimulus concentrations. Thus, short-latency central processing related to gustatory perception is elucidated with recent methodological progress (Ohla, Busch, & Lundström, 2012) .
The latencies of the P1 component of GERPs were similar between simultaneous and successive judgment responses, whereas the amplitudes differed significantly, indicating that the neural activity affecting the amplitude of the P1 component of GERPs is generated during the period between onset of the gustatory stimulus and activation of the primary gustatory area. In this study, Norgren, 1986), whereas some researchers have reported that the primary gustatory area in humans is located in the transition between temporal operculum and insula (Iannilli, Noennig, et al., 2014; Kobayakawa et al., 1996 Kobayakawa et al., , 1999 Ogawa et al., 2005) . In other words, the primary gustatory area in humans shifted in the direction of the vertex along the antero-posterior axis in comparison with the primary gustatory area of macaques, probably due to the development of the frontal association cortex over the course of evolution (Kobayakawa et al., 1999) . However, although the location of the primary gustatory area differs between macaques and humans, the central pathway to the primary gustatory area does not. Accordingly, we infer that the difference between simultaneous and successive judgment responses in the amplitudes of the P1 component of GERPs was caused by neural activity of VPMpc or the primary gustatory area. More specifically, these brain regions may contribute the detection and comparison of the timing to receive olfactory and gustatory information as inputs.
| Olfactory neural activity in short latency
In this study, when the olfactory stimulus was presented 225 ms before the gustatory stimulus, participant chose the simultaneous judgment response at the highest rate. This result indicates that, if Note. Coefficients "a", "b", and "c" are expressed in seconds. SD: standard deviation. there is a brain region that receives both olfactory and gustatory information as inputs, the time from stimulus onset to the arrival of neural signal at that region is about 225 ms longer in the olfac- Previous studies reported that the piriform cortex projects to the primary gustatory area in rodents (Carmichael, Clugnet, & Price, 1994; Schoenbaum & Eichenbaum, 1995; Schoenbaum, Chiba, & Gallagher, 1999) . A nerve projection from the piriform cortex to thalamus also exists (Buck, 2000) . Based on the above, we considered two causes of the difference between simultaneous and successive judgment responses in the amplitudes of the P1 component of GERPs. First, it is possible that there is a neural projection from the piriform cortex to the primary gustatory area, and that olfactory information transmitted via this pathway affects gustatory information processing in the primary gustatory area. Second, it is possible that gustatory information processing in the primary gustatory area is affected by an interaction between olfactory information transmitted to the thalamus from the piriform cortex and gustatory information transmitted to the thalamus via the chorda tympani nerve.
TA B L E 2 Simultaneous judgment response rates of each participant for all time windows
| Verification of hypotheses: primary gustatory area
We hypothesized that olfactory information transmitted to the primary gustatory area from the piriform cortex affects gustatory information processing in the primary gustatory area, causing the amplitudes of the P1 component of GERPs to differ between simultaneous and successive judgment responses.
F I G U R E 3 Grand means of event-related potentials for simultaneous and successive judgment responses. We recorded event-related potentials (ERPs) every millisecond while the participant performed a simultaneity judgment (SJ) task. ERP data were classified into two datasets on the basis of simultaneous and successive judgment responses acquired from participants, and the grand means of olfactory event-related potentials (OERPs) and gustatory eventrelated potentials (GERPs) were calculated for each type of judgment response by considering stimulus onset (dotted line) as the starting point (0 ms). OERPs are shown in (a), and GERPs are shown in (b). Arrows indicate the P1 component of GERPs for each type of judgment response F I G U R E 2 Temporal distribution of mean simultaneous judgment response rates and approximate curve. We calculated actual SOA values based on real-time monitoring of stimulus presentation. The actual SOA values were classified into 21 time windows, and the means of the simultaneous judgment response rates were calculated for every time window. We assumed that the temporal distributions of simultaneous judgment response rates followed a Gaussian function, and calculated approximations by the least-squares method. The temporal distribution of mean simultaneous judgment response rates (filled circular dots) and approximate curve (solid line) are shown
As described above, we assume that not only in macaques, but also in humans, there is a neural projection from the piriform cortex to the primary gustatory area, and that the neural activity of the primary gustatory area is generated about 355 ms after the onset of olfactory stimulus in OERPs. Stadlbauer and colleagues (Stadlbauer et al., 2016) conducted MEG measurements to examine cortical and subcortical neural activities during early-stage olfactory processing in human brain. Their results revealed that neural activities were observed within 150 ms from the onset of olfactory stimulus. These neural activities included neural activity of the piriform cortex, corresponding to the primary olfactory area. Based on these findings, it takes at least 185 (= 335 − 150) ms for neurotransmission from the piriform cortex to the primary gustatory area. However, considering the latency of synaptic transmission is only a few milliseconds (Südhof, 2014) , this duration is too long.
Accordingly, we concluded that it is not reasonable that the interaction between olfactory and gustatory information in the primary gustatory area was responsible for the difference between simultaneous and successive judgment responses in the amplitude of the P1 component of GERPs.
| Verification of hypotheses: thalamus
We hypothesized that the interaction between olfactory information transmitted to the thalamus from the piriform cortex and gustatory information transmitted to the thalamus via the corda tympani nerve affects gustatory information processing in primary gustatory area, causing the amplitudes of the P1 component of GERPs to differ between simultaneous and successive judgment responses.
The latencies of neural activity related to the P1 component of GERPs were about 130 ms for both simultaneous and successive judgment responses. Based on these results, we infer that the latency of neural activity in VPMpc, which makes a neural projection to the primary gustatory area, might be shorter than 130 ms.
Additionally, considering the PSS obtained in this study (225 ms), the latency of neural activity in the mediodorsal thalamic nucleus (MDT), which receives olfactory information as input (Courtiol & Wilson, 2015) , may be shorter than 355 (= 130 + 225) ms. Neural activity in the piriform cortex is observed within 150 ms (Stadlbauer et al., 2016) . Because the piriform cortex projects to MDT (Price, 2009) , we infer that neural activity in MDT had started no more than 225 (= 0 + 225) ms after the onset of olfactory stimulation, and that the VPMpc awaited input of gustatory information. Furthermore, we infer that as soon as gustatory information was received by the VPMpc, sensory information processing related to SJs for olfactory-gustatory combinations occurred in the thalamus containing the following regions: the pulvinar nuclei playing a role as sensory gating (Fox et al., 2016) , MDT, and VPMpc. Given the latency of neural activity in each brain region, our results are consistent with the hypothesis that neural activity in the thalamus affects neural activity in the primary gustatory area. However, neural activity in thalamus was not represented in the OERPs obtained in this study. In the auditory brain-stem response (ABR) test, which identifies the initial component of the auditory evoked potential, seven positive potentials (I-VII waves) are recorded within 10 ms after presentation of an auditory stimulus (Tachibana, Tsuji, Tezuka, & Terashi, 1988) . The thalamus is thought to be the source of waves VI and VII (Eggermont, 1995; Källstrand, Lewander, Baghdassarian, & Nielzén, 2014; Stockard & Rossiter, 1977) . According to ABR test protocol for infants, 2000-4000 trials are normally needed to calculate a mean, but a mean calculated from a minimum of 1,000 trials is acceptable if the waveform is clearly presented within an expected latency region, the correlations are high, and the residual noise is low (Elsayed et al., 2015) . In this study, even when the grand means of ERPs were calculated, 794 trials were used for simultaneous judgment response and 741 trials for successive judgment response. Although auditory and olfactory modalities are distinct, based on the study of Elsayed and colleagues (Elsayed et al., 2015) , we infer that neural activity in thalamus was not reflected in ERPs averaged over fewer than 1,000 trials. For olfactory-gustatory combinations, however, it is unrealistic to obtain an average from several thousand trials of SJ.
Neural activity in the thalamus can be observed by measuring brain activity using fMRI (Veldhuizen & Small, 2011) . Accordingly, in the near future, we plan to measure brain activity by fMRI while participants perform SJs for olfactory-gustatory combinations. If changes in blood flow in the regions close to the thalamus differ between simultaneous and successive judgment responses, it would strongly support the hypothesis that interaction between olfactory and gustatory information in the thalamus affect neural activity in the primary gustatory area.
| Neural activity related to integration of multiple sensory modalities in the mouth
Many previous studies (Roudnitzky et al., 2011; Seo et al., 2013; Small, 2012; Small et al., 2004 ) describe brain activity related to integration of multiple sensory modalities in the mouth. Verhagen and Engelen (Verhagen & Engelen, 2006) reported that various brain areas, including orbitofrontal cortex and anterior cingulate gyrus, seemed to be related to flavor perception. Middle frontal gyrus plays an important role in the integration between texture and olfaction (Iannilli, Bult, et al., 2014) . The integration of multiple sensory modalities is complex due to the number of brain areas involved. We considered this study as trial measurement; thus, we measured ERPs at only a single site and focused on short-latency brain activity. Multi-channel ERP measurement may provide more useful information than single-channel measurement. In order to estimate ERP sources with short and long latencies and investigate the interaction between brain areas, we plan to perform multi-channel ERP measurement during an SJ task for an olfactory-gustatory combination.
| Study limit and future issues
In this study, the olfactory stimulus with very short duration was presented in the nasal cavity while the participant temporarily ceased respiration. The gustatory stimulus was also presented on a very small area of the tip of the tongue for a very short time. Many previous studies reported that olfactory sensitivity is significantly higher in females than in males (Hummel, Kobal, Gudziol, & Mackay-Sim, 2007; Koelega, 1970; Schienle & Schöpf, 2017) , whereas multiple studies of gustatory sensitivity indicated no significant difference between females and males (Hong et al., 2005; Hussain, Shah, & Afzal, 2013; Kunka, Doty, & Settle, 1981) , although one study (Tunsuriyawong, Bagla, & Doty, 2000) reported that gustatory sensitivity is slightly higher in females than in males. Moreover, regarding the methods of stimulus presentation used in this study, we knew empirically that males do not perceive olfactory or gustatory stimuli with the same probability as females, even though the males do not necessarily report experiencing subjective olfactory or gustatory disorders in daily life.
Therefore, because this was a pilot study of brain activity during an SJ task for an olfactory-gustatory combination, we used only female volunteers in this study. However, to generalize the results, we should increase the number of both female and male participants and investigate the effect of gender on brain activity related to SJs for olfactory-gustatory combinations.
| CON CLUS ION
Temporal synchrony between odor and taste plays an important role in flavor perception. In this study, we examined short-latency brain activity (especially the P1 component of GERPs) in relation to synchrony perception between odor and taste. Single-channel
ERPs were recorded while participants performed a SJ task with soy sauce odor and salt solution. ERP data were classified into two datasets on the basis of judgment responses (i.e., simultaneous or successive), and the means of OERPs and GERPs for each participant were calculated for each type of judgment response.
The latencies of the P1 component of GERPs were almost the same (i.e., about 130 ms) between simultaneous and successive judgment responses, whereas the amplitudes differed. For OERPs, even when the grand means were calculated for each type of judgment response, the number of trials analyzed was not sufficient to detect early components; thus, we failed to detect remarkable components with short latency. These results indicated that neural activity affecting SJs for olfactory-gustatory combinations is generated during a period of about 130 ms from the onset of the gustatory stimulus. Accordingly, olfactory and gustatory information processing related to flavor perception might be initiated in a relatively early stage of the central pathway.
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